Overexpression of GLUT4 exclusively in skeletal muscle enhances insulin action and improves glucose homeostasis. Transgenic studies have discovered two regions on the GLUT4 promoter conserved across several species that are required for normal GLUT4 expression in skeletal muscle. These regions contain binding motifs for the myocyte enhancer factor 2 (MEF2) family and GLUT4 enhancer factor (GEF). A single bout of exercise increases both GLUT4 transcription and mRNA abundance; however, the molecular mechanisms mediating this response remain largely unexplored. Thus, the aim of this study was to determine whether a single, acute bout of exercise increased the DNA-binding activities of MEF2 and GEF in human skeletal muscle. Seven subjects performed 60 min of cycling at ~70% of VO 2peak . After exercise, the DNA-binding activities of both the MEF2A/D heterodimer and GEF were increased (P<0.05). There was no change in nuclear MEF2D or GEF abundance after exercise, but nuclear MEF2A abundance was increased (P<0.05). These data demonstrate that exercise increases MEF2 and GEF DNA binding and imply that these transcription factors could be potential targets for modulating GLUT4 expression in human skeletal muscle.
that are required for normal skeletal muscle GLUT4 expression. The first region contains a binding site for the myocyte enhancer factor 2 (MEF2) transcription factor, between -464 and -473 bp (6) , and it appears that a MEF2A/D heterodimer binds this sequence (7) . However, this site is not sufficient to support full GLUT4 expression, and another region between -712 and -742 bp, termed Domain I, is also required (8) . A novel transcription factor, named the GLUT4 enhancer factor (GEF), was found to bind to this region (8) . Furthermore, it appears that MEF2 and GEF physically interact and are able to activate the GLUT4 promoter (9) . The skeletal muscle GLUT4 promoter also possesses binding regions for other factors, such as the myogenic factor MyoD and thyroid receptor α 1 (TRα 1 ) (10) . However, MyoD appears to be more involved in regulation of GLUT4 expression in regenerating muscle, while TRα 1 appears to inhibit GLUT4 expression in adult muscle (11) . A single bout of exercise is sufficient to increase both GLUT4 transcription (12) and mRNA abundance (13) . However, the molecular mechanisms underpinning this response remain largely unexplored, particularly in human skeletal muscle. Therefore, the aim of this study was to determine if a single, acute bout of exercise increased the DNA binding activities of both MEF2 and GEF in human skeletal muscle. It was hypothesized that a single bout of exercise would increase both MEF2-and GEF DNA-binding activities, thus providing a molecular basis for the increase in GLUT4 transcription after acute exercise and the increase in GLUT4 protein expression observed after exercise training.
MATERIALS AND METHODS

Subjects
Seven male subjects (25±2 years: 80±4 kg; VO 2peak =47±4 ml•kg -1 •min -1 ) were recruited for the study after completing a medical questionnaire and giving their informed, written consent. All experimental procedures were approved by the Deakin University Human Research Ethics Committee. At least 7 days before the experimental trial, all subjects performed an incremental cycling (Lode, Groningen, The Netherlands) test to fatigue to determine peak pulmonary oxygen uptake. This test was also used to select the power output for the experimental trial from the linear relationship between oxygen uptake and power output.
Exercise
Subjects performed a single bout of cycling exercise for 60 min at 75 ± 2% of VO 2peak , after a 12 h, overnight fast. Expired air was collected twice, between 15 and 20 and 40 and 45 min to ensure that subjects were exercising at the expected exercise intensity.
Muscle biopsies
Muscle samples were obtained from the vastus lateralis before and immediately after exercise using the percutaneous needle biopsy technique with suction (14) . Muscle samples were immediately frozen in liquid nitrogen and stored for later analysis.
Protein extraction
Nuclear proteins were isolated from ~30 mg of muscle using a nuclear protein extraction kit (NE-PER; Pierce, Rockford, IL) according to the manufacturer's specifications, with some modifications. Muscle samples were homogenized with 10 passes of a Tenbroeck tissue grinder in 10 volumes of cytoplasmic extraction reagent I. Cytoplasmic extraction reagent II was added at a final concentration of 5%, and the homogenate was spun in a centrifuge at 16,000 g for 5 min. The supernatant was extracted, and the pellet was resuspended in 100 μl of nuclear extraction reagent and sat on ice for 40 min with occasional mixing. The resuspended pellet was again spun in a centrifuge at 16,000 g for 10 min, and the supernatant, representing nuclear protein, was extracted and stored. Nuclear protein concentration was measured using the Coomassie Plus protein assay reagent (Pierce, Rockford, IL).
Electrophoretic mobility shift assays
Electrophoretic mobility shift assays (EMSA) were performed using 3.0 µg of nuclear protein and double-stranded oligonucleotide probes corresponding to the MEF2 binding region (GGGAGCTAAAAATAGCAG) and Domain I (CTTGTCCCTCGGACCGGCTCCAGGAACCAA) of the human GLUT4 promoter, as described previously (8, 9). Double-stranded oligonucleotides corresponding to the serum response element (SRE) binding sequence (GGATGTCCATATTAGGACATC) were commercially prepared (Santa Cruz Biotechnology, Santa Cruz, CA). For supershift studies, extracts were preincubated with 2.5 μg of MEF2D (Transduction Laboratories, Lexington, MA) or GEF (Cocalico Biologicals, Reamstown, PA) antibodies for 1 h on ice before addition of the labeled probe. EMSA were visualized by autoradiography and quantitated by scanning densitometry using NIH imaging software. MEF2-and GEF DNA-binding activity was normalized against SRE DNA binding activity.
Immunoblot analysis
Nuclear proteins were separated and identified using SDS-PAGE, transferred to PVDF membranes, and exposed to primary antibodies for GEF and MEF2A (Santa Cruz Biotechnology) and MEF2D before being exposed to appropriate antispecies fluorescencelabeled Alexa Fluor secondary antibodies (Molecular Probes, Eugene, OR). Antibody binding was visualized by infrared spectroscopy (LiCor, Lincoln, NE).
Statistical analyses
All values reported are means ± SEM. Resting and postexercise means were compared using a Student's t test with a significance level of 0.05.
RESULTS
MEF2 DNA-binding activity
MEF2A/D heterodimer DNA binding activity was measured using an EMSA with a doublestranded oligonucleotide corresponding to the human GLUT4 MEF2 binding domain. Pretreatment of nuclear extracts with anti-MEF2D antibody supershifted both of the specific MEF2 binding complexes (Fig. 1A) . To normalize for any changes in global DNA binding activity, duplicate nuclear extract samples were subjected to EMSA using an oligonucleotide corresponding to the serum response element (SRE; Fig. 1A ). MEF2A/D heterodimer DNA binding activity increased twofold (P<0.05) after exercise when normalized to the DNA binding activity of SRE (Fig. 1B) . The DNA binding activity associated with SRE was not different from resting levels after exercise (30±4 vs. 23±3 arbitrary units).
GEF DNA binding activity
Nuclear extracts were also subjected to EMSA using a double-stranded oligonucleotide corresponding to the human GLUT4 domain I binding site. To confirm that the complex contains GEF, duplicate samples were preincubated with an anti-GEF antibody ( Fig. 2A) , which supershifted the predominant nuclear protein complex assembling on this oligonucleotide. GEF DNA-binding activity was increased 1.5 fold (P<0.05) after exercise when normalized to the DNA-binding activity of SRE (Fig. 2B) .
Nuclear MEF2 and GEF abundance
Nuclear extracts were analyzed through immunoblotting to make a semiquantitative determination of the nuclear abundance of MEF2A, MEF2D, and GEF. The nuclear abundance of MEF2A was increased ~2 fold (P<0.05) after exercise, while nuclear MEF2D after exercise was unchanged from resting levels (Fig. 3B) . The nuclear abundance of GEF after exercise was also unchanged from resting levels (Fig. 3B ).
DISCUSSION
Expression of the GLUT4 gene requires two distinct binding regions on the GLUT4 promoter for the MEF2 (6) and GEF transcription factors (8) . As a single, acute bout of exercise increases GLUT4 gene expression in human skeletal muscle (13) , the purpose of this study was to determine whether exercise increased MEF2 and GEF DNA binding activities. After 60 min of exercise, it was found that both MEF2A/D and GEF DNA binding activities were increased ~2.0-and 1.5-fold, respectively, when normalized to SRE DNA-binding activity. A previous study has observed that MEF2 DNA binding was increased after a marathon run (15) . Although this was measured in just 3 subjects, MEF2 DNA binding activity increased to a similar extent to that observed in the present study. No previous studies have examined GEF DNA-binding activity in human skeletal muscle; however, GEF DNA binding has previously been observed in mouse tissues such as heart, skeletal muscle, liver, and adipose tissue (8) . Data from the present study suggest that regulation of the GLUT4 gene by GEF is preserved in human tissues.
As can be seen in Fig. 1A , two distinct shifted bands can be seen on the MEF2 mobility shift assay autoradiograph. The addition of a MEF2D antibody resulted in a supershift of both bands, to form one merged band, corresponding to a broad lower mobility complex. This suggests that both bands contain MEF2D protein and indicates that the upper band is comprised of a MEF2A/D heterodimer given its lower mobility and that MEF2A is mostly present as a MEF2A/D heterodimer in skeletal muscle (7) . It should be noted that at this lower mobility, the MEF2D and MEF2A/D complexes are not separated because of the logarithmic nature of the acrylamide gel. The increase in MEF2A/D binding is noteworthy, as this heterodimer is thought to be required for GLUT4 gene expression (7) . The molecular modifications leading to increased MEF2A/D DNA-binding activity are unclear. Although there was no change in nuclear MEF2D abundance, nuclear MEF2A abundance was increased after exercise. This could suggest that nuclear translocation of MEF2A is required for increased MEF2A/D DNA binding activity.
Possibly supporting this hypothesis, the single subject that did not show an increase in MEF2A/D DNA-binding activity also showed no increase in nuclear MEF2A abundance (Subject 2, Fig. 3A) . Recently, MEF2A nuclear translocation has also been observed in C 2 C 12 myocytes in response to static stretch (16) . In contrast, a recent study using chromatin immunoprecipitation (ChIP) assays in T-cells has found that MEF2 is constitutively bound to DNA in both resting and stimulated cells (17) . Although we have recently found that the MEF2 transcriptional repressor HDAC5 dissociates from MEF2 during exercise (18), HDAC5 does not interfere with MEF2 DNA binding per se, despite inhibiting MEF2-mediated transcription (19) . It could be that HDAC5 dissociation from MEF2 is required for MEF2 dimerization and cofactor association, which are essential for MEF2-mediated transcription to proceed, independent of MEF2 DNA binding status (20) . Certainly, the Kruppel-like factor 15 (KLF15) has been shown to interact with and synergistically activate MEF2A and GLUT4 transcription (21) . Further research is needed to clarify the mechanisms resulting in increased MEF2 DNA binding during exercise.
Very little is known of the regulation of the recently discovered GEF. Nuclear GEF levels were not changed after exercise, indicating that the increase in GEF DNA binding is due to either a posttranslational modification of nuclear GEF or facilitation of GEF binding by the MEF2 proteins and/or other proteins participating in GLUT4 promoter function during exercise. Given that both MEF2D and MEF2A form a complex with GEF (9), the increase in nuclear MEF2A could increase the formation of a complex consisting of MEF2A, MEF2D, and GEF. It is possible that this complex may have a higher affinity for the Domain I DNA. Further work is required to test this hypothesis. As can be seen in Fig. 2A , addition of a GEF antibody to nuclear extracts largely reduced the GEF complex. However, unlike the MEF2 complex, this did not result in a marked supershift, and a number of visible bands remain following the supershift. This suggests that a number of proteins in addition to GEF bind to the oligonucleotides corresponding to Domain I. Members of the NF-1 transcription factor family (22) and the Olf-1/early B cell factor (23) have been found to bind to the region corresponding to Domain I in 3T3-L1 adipocytes. Although this sequence is slightly different from that found in muscle, it could suggest that other proteins bind to Domain I in addition to GEF. Identification of any other proteins that bind this region in skeletal muscle could provide new information on regulation of the GLUT4 gene.
Data from the present study showing that MEF2A/D and GEF DNA-binding activities are increased after exercise can possibly explain results from previous studies in which exercise is associated with an increase in GLUT4 gene expression. However, the signaling events mediating the increase in MEF2A/D and GEF DNA binding are unclear. Both increases in intracellular calcium (24) and perturbations in cellular energy balance (25) have been implicated in increasing GLUT4 expression. A role for calcium in the regulation of MEF2 through calcineurin (26), CaMKI and IV via the class II HDACs (19) and the p38 MAPK (27) has been observed. Activation of AMPK through AICAR is also associated with enhanced GLUT4 gene expression (28) . Using transgenic mice, we observed that AMPK appears to regulate both the MEF2 binding region and Domain I of the GLUT4 promoter (28) . Furthermore, AICAR activation of AMPK has been shown to increase MEF2D DNA-binding activity (29) . These data highlight the possibility that multiple mechanisms could regulate MEF2, GEF, and the GLUT4 gene. Elucidating these mechanisms will be important in understanding the regulation of the GLUT4 gene in response to exercise.
In conclusion, results from the present study demonstrate that MEF2A/D and GEF DNA binding activities are increased by exercise, implying that these molecular events could be important in mediating the previously observed exercise-induced increase in GLUT4 gene expression. Elucidating the regulation of these transcription factors will be critical in understanding GLUT4 gene regulation in skeletal muscle and could provide targets for the treatment and management of insulin resistance and type 2 diabetes. 
